We have measured the vibrationally resolved partial cross sections σ v 1 and asymmetry parameters β v 1 for C K-shell photoionization of the CO 2 molecule in the u shape resonance region above the C K-shell ionization threshold. The positions of both the maxima of σ v 1 and the minima of β v 1 move towards the C K-shell threshold with increasing symmetric stretching vibrational excitation v 1 in the C 1s single-hole state. Calculations employing the relaxed-core Hartree-Fock approach reproduce the observed vibrational effects.
Introduction
An electronic transition in a molecule results in the redistribution of the electron density. As the nuclear conformation cannot adapt to this redistribution on the same time scale, the final state of the molecule is often vibrationally excited. This is also the case for molecular photoionization where photoemission is accompanied by vibrational excitation of the residual molecular ion. Recent high-resolution soft x-ray photoelectron spectroscopic studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] show that the spectral and angular distributions for inner-shell photoemission from molecules in shape resonance regions depend on the final vibrational state, as predicted theoretically some decades ago [12, 13] .
Among the best studied examples of this behaviour is the inner-shell photoionization of carbon monoxide, CO, where Bradshaw and co-workers [1, 3] found that the position of the individual vibrational components in the region of the shape resonance in C 1s photoionization varies from ∼307 eV for v = 0 to ∼302 eV for v = 3. A shift in the opposite direction is observed for the shape resonance in the O 1s photoionization spectra [6] . Mistrov et al [6] interpreted these downward and upward shifts of the shape resonance to be a result of intramolecular interference of the scattered photoelectron waves in the CO molecule where the effective C-O distance, R, increases and decreases, respectively, with an increase in v , for the C and O 1s single-hole states [6] . This interpretation is consistent with the results of elaborate theoretical calculations for the C and O K-shell photoionization cross section for different v states, where R-dependent dipole amplitudes are averaged over R with the vibrational wavefunctions of the initial and final states [7, 14] .
There have also been studies of the K-shell photoionization of nitrogen molecules N 2 [10] and of C K-shell photoionization of acetylene C 2 H 2 [11] . Compared to CO, N 2 shows an additional complication. The N K-shell single-hole state splits into gerade and ungerade levels which are separated by only 100 meV, and the C K-shell single-hole state of C 2 H 2 also splits into gerade and ungerade states with a separation of 100 meV. The C-C stretching vibration is seen predominantly in the C K-shell single-hole state. Measurements in both N 2 and C 2 H 2 show a vibrational-state dependence of the partial cross sections σ g,v and the asymmetry parameters β g,v , similar to C K-shell photoionization of CO. Ab initio calculations for N 2 employing the random phase approximation by Semenov et al [10] reproduced the vibrational dependence of σ g,v and β g,v quite well.
These studies [6, 7, 10, 11] illustrate the important role of nuclear dynamics in shape resonance phenomena and motivated us to extend these studies to a linear triatomic molecule CO 2 . The CO 2 molecule has four vibrational modes, the symmetric (v 1 , 0, 0) and antisymmetric (0, 0, v 3 ) stretching modes and a doubly degenerate bending mode (0, v 2 , 0), and one might thus expect vibrational excitation of these modes to accompany photoionization of CO 2 . It is known, however, that C 1s ionization is accompanied by excitation of the symmetric stretching vibrations (v 1 , 0, 0) [15] , whereas O 1s ionization is accompanied by excitation of antisymmetric vibrations (0, 0, v 3 ) [4, [15] [16] [17] . In previous theoretical studies of the u shape resonance in K-shell photoionization of CO 2 [18] [19] [20] effects of vibrational excitations were ignored.
In the present work, we report on results of experimental and theoretical studies of vibrational effects on the spectral dependence of the C K-shell photoionization cross sections σ v 1 and the asymmetry parameters β v 1 of CO 2 in the u shape resonance region.
Experiment
The experiments were carried out on the C branch of the soft x-ray photochemistry beam line 27SU [21, 22] at SPring-8, the 8 GeV synchrotron radiation facility in Japan. The radiation source is a figure-8 undulator providing radiation linearly polarized either in the horizontal plane of the storage ring (1st order) or in the vertical plane perpendicular to it (0.5th order) [23] . Angle-resolved electron emission measurements were performed only by changing the undulator gap and without rotation of the electron analyser. The electron spectroscopy apparatus consists of a hemispherical electron analyser (Gammadata-Scienta SES2002), a gas cell and a differentially pumped chamber [24] .
The degree of linear polarization was determined by observing the Ne 2s and 2p photolines and confirmed to be greater than 0.98 with the present setting of the optics [25] . In the analysis we thus assume complete polarization at the photon energies employed. The photon flux was measured by a photocurrent on the refocusing mirror before the gas cell. In the C 1s ionization region, however, measurements of the photon flux by photocurrent suffer from carbon contamination on the surface of the optical components and the photon flux reading was thus corrected by comparing intensities of angle-resolved Ar 2p photoelectron spectra with the known cross sections and angular distributions at the photon energy of interest. The transmission of the electron analyser is not constant in the electron energy range of interest and was corrected by comparing the Ne 1s and Ar 2p photoelectron spectra with known cross sections and angular distributions. Each angle-resolved photoelectron spectrum was fitted, once these corrections were included.
Theory
The carbon K-shell photoionization cross sections and asymmetry parameters of CO 2 were calculated within a relaxed-core Hartree-Fock (RCHF) approximation in a molecular basis set obtained using Slater's transition state approximation [26] . In this approximation the relaxed molecular orbitals are derived from a self-consistent field calculation where only half the charge of an electron is removed from the carbon K-shell. The procedure attempts to capture effects arising from the screening of the K-shell hole after ionization, while maintaining the calculation at the one-electron level. To avoid working with nonorthogonal orbitals, we also use this molecular basis to construct the initial N-electron state and the final N-electron state with an electron in the continuum [27] . Ionization out of this C K-shell orbital in the ground vibrational state results in a distribution of ion vibrational levels in the symmetric stretch mode. For linearly polarized light, the vibrationally resolved differential cross sections and asymmetry parameters can be expressed as
where σ v 1 is the total cross section for the ion vibrational state v 1 , β is the asymmetry parameter, θ is the angle between the polarization vector of the light and the momentum of the electron and P 2 (cos θ) is the Legendre polynomial of degree 2. The total photoionization cross section averaged over all polarization and photoelectron directions is given by
where c is the speed of light, E is the photon energy, is a photoelectron partial wave, λ is the projection of its angular momentum on the molecular axis, µ is the photon index and I v 1 λµ is the vibrationally resolved dynamical coefficient. The vibrationally resolved dynamical coefficients are obtained by integration of the dynamical coefficients, I λµ (R), over the vibrational wavefunctions of the neutral and ionic states. The vibrational wavefunctions are obtained assuming harmonic potentials for both the neutral and ion. The R-dependent dynamical coefficients, I λµ (R), are given by
in the dipole length form, where k is the momentum of the photoelectron, i is the groundstate wavefunction and
f,k λ is the incoming-wave normalized final state wavefunctions. The photoelectron orbitals
f,k λ are obtained using an iterative procedure to solve the LippmannSchwinger equation associated with the one-electron Schrödinger equation [28] with a potential produced by the transition-state orbitals. Two iterations produced converged results in this study.
We employed the same basis set used in previous studies of CO [29] to obtain the HF wavefunction of the neutral molecule and used 19 internuclear distances between C and O ranging from 1.72 to 2.53 a 0 to obtain the vibrationally-averaged dynamical coefficients. The calculations were carried out in both length and velocity forms. The agreement between both sets of cross sections is excellent and only results from the length form are presented here. Figure 1 shows the C 1s photoelectron spectra of CO 2 measured at 0
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• and 90
• relative to the polarization vector at a photon energy of E = 310.3 eV, i.e. 12.6 eV above the C 1s ionization threshold [30] . These spectra have been normalized for the photon flux and gas pressure and corrected for the transmission function. The error bars in figure 1 come from the statistical uncertainties based on the electron counts and are 0.75% and 1.8% for the horizontal and vertical spectra, respectively, at the peaks of the photoelectron spectra. The spectra exhibit one vibrational progression due to symmetric stretching (v 1 , 0, 0). Each partial cross section was determined from the intensity of the individual components in the angleresolved spectra. The effect of post-collision interaction (PCI) was included by simulating the individual profiles with the equation of van der Straten [31] . The PCI profile was convoluted with a Gaussian to account for instrumental broadening. We first performed the fitting to a few spectra whose signal-to-noise ratios were sufficiently good, treating the frequencies and Gaussian and Lorentzian widths, as well as intensities of the individual vibrational components as fitting parameters. The fitting yielded a Gaussian full-width-at-half-maximum (FWHM) value of 50(2) meV. This value is consistent with the total instrumental width estimated from the analyser bandwidth of 25 meV (slit width of 4 mm and pass energy of 2 eV), photon bandwidth of 40 meV and the Doppler broadening of 8.5 meV. The resulting natural width (FWHM) is 98(2) meV, in reasonable agreement with the natural widths 103(1), 100(1) and 99(2) meV at photon energies 308, 320 and 330 eV, respectively, reported by Carroll et al [32] . The fitting also gave a vibrational frequency of 165(1) meV, in reasonable agreement with 168(1), 164(1) and 166(1) meV at photon energies 308, 320 and 330 eV, respectively, as reported by Carroll et al [32] . We found that the v 1 = 3 cross section is less than 30% of the v 1 = 2 cross section, and that the v 1 = 2 cross section may be overestimated by 20% at most by neglecting the v 1 = 3 contribution. In the fitting of the whole data set, we fixed the natural lifetime width and vibrational spacing obtained above, while we treated the intensities of the individual lines and the Gaussian width as fitting parameters. We did not include the v 1 in the vibrational sum σ CK . The shape resonance appears at 313 eV for σ v 1 =0 and moves slightly downwards to the C K-shell threshold with increasing v 1 . This v 1 dependence of the shape resonance energy is similar, though less pronounced, to the case of the shape resonance in C K-shell photoionization of CO [1, 3, 6] . The second small peak around 303 eV in all three spectra is due to a doubly-excited autoionizing state. In the present calculations, these doubly excited states are not taken into account. The spectral dependence of the calculated σ v 1 for v 1 = 0, 1, 2 and σ CK is also shown in figure 2 where the calculated σ CK are seen to agree well with the measured (absolute) values at energies well above the shape resonance. Below the shape resonance the agreement between the calculated and measured cross sections is much less satisfactory. We attribute the difference to the presence of autoionizing resonances in this region, which are not included in our description of the photoionization process. The Hartree-Fock description employed here provides only the smooth continuum background of the photoelectron wavefunction and does not account for the coupling of resonance-like structures with this background. Moreover, though the length and velocity forms of the present cross sections are quite close, the cross sections provided by this model do not satisfy any sum rules. The calculated σ v 1 also reproduce the intensity ratios for different v 1 quite well. Furthermore, the calculated positions of the shape resonance shift downwards with increasing v 1 , though the downward shift is larger than observed. [2] . The u shape resonance is responsible for the characteristic photon energy dependence of β v 1 : a maximum below and a minimum above the shape resonance and a dispersive-type profile. The dip in β v 1 appears at 319 eV for β v 1 =0 , and moves towards threshold with increasing v 1 , while the dip deepens with increasing v 1 Cross section (Mb)
Photon energy (eV) figure 3, where they are seen to reproduce the measurements above 310 eV quite well, including the dip in β CK observed at 316 eV. The calculated β v 1 also show the observed behaviour of the dip which moves down in energy and deepens with increasing v 1 . The agreement is poorer for v 1 = 2. This may be due to the contribution from v 1 = 3, which was excluded in the present fitting. Below 310 eV, the agreement between the measurements and the calculations becomes poorer with decreasing energy, e.g., the additional dip structure below 305 eV. This structure can be attributed to the doubly-excited autoionizing states, which are not taken into account in the present calculations. Following Dehmer and co-workers [12, 13] , we can explain the origin of the v 1 dependence of the peak energy in the cross section σ and the dip in the asymmetry parameter β as follows. To clarify the above point we consider a Taylor expansion of the R-dependent dynamical coefficient I λµ (R): where Q = R − R e and R e is the equilibrium C-O distance in the neutral ground state. The vibrationally resolved dynamical coefficient I v 1 λµ is then given by
where
is the effective displacement of the C-O distance for the individual v 1 [6, 9] . We have calculated v 1 using equation (6) and found values of −0.0180, 0.0514 and 0.1209 au for v 1 = 0, 1 and 2, respectively. The increase in v 1 with increasing v 1 confirms the above qualitative discussion.
Finally, we briefly discuss the role of the nonspherical molecular potential on the photoionization dynamics. A single-centre expansion of the C 1s orbital about the carbon atom shows about 100% s-character at each internuclear distance. On the basis of atomiclike selection rules, a dominant p partial wave would be expected. However, in the shape resonance region around a kinetic energy of 10.5 eV, the partial-wave intensities are 0.183, 0.156, 0.053 and 0.003 au for p, f, h ( = 5) and j ( = 7), respectively, at R C−O = 2.18a 0 . The high intensity of the f partial wave is due to the shape resonance. Some interesting and unexpected behaviour can also be seen at higher kinetic energies. For example, at a kinetic energy of 42.5 eV (a photon energy of 340 eV), where the ratio of the cross sections for the ion vibrational states agrees well with Franck-Condon factors and the measured values, the partial wave contributions are 0.0301 (p), 0.0309 (f), 0.0313 (h ( = 5)) and 0.0100 (j ( = 7)) au, which are all quite comparable. This behaviour is strongly molecular and indicates that these partial waves arise from scattering of the photoelectron by the nonspherical molecular potential. The behaviour of the dynamical coefficients is similar for all internuclear distances.
Conclusions
We have reported on the results of measurements and calculations of the vibrationally resolved partial cross sections and asymmetry parameters for C K-shell photoionization of the CO 2 molecule in the symmetric stretching mode. Agreement between the calculated and measured spectral distributions of cross sections and asymmetry parameters is quite encouraging except in the region of shape resonance, where the calculations overestimate the effect of the shape resonance. The calculated positions of the shape-resonance peaks and the dips in the asymmetry parameters agree well with the measured values. The disagreement between the measurements and calculations at photon energies below the shape resonance may, at least in part, be attributed to the neglect of the doubly-excited autoionizing states in the calculations.
